End-systolic pressure-volume relations (ESPVRs) were analyzed in 10 closed-chest autonomically blocked dogs before and after volume loading that restored end-diastolic volume to its value measured in the control conscious state isolated canine left ventricles.6 Thus, these factors may produce a curvilinearity of ESPVR when the range of loading modifications is large. The goal of our study was to determine the extent to which ESPVRs are curvilinear during loading modifications induced either by an increase in afterload and aortic impedance (aortic constriction) or by a decrease in preload and afterload (venal caval occlusion) before and after volume loading in closedchest dogs with autonomic blockade to avoid cardiovascular reflexes that significantly modify ESPVR in the conscious state.7 A secondary goal was to determine whether or not the slopes and intercepts of these relations were different with these different types of loading modifications.
End-systolic pressure-volume relations (ESPVRs) were analyzed in 10 closed-chest autonomically blocked dogs before and after volume loading that restored end-diastolic volume to its value measured in the control conscious state. Dogs had been previously instrumented with a left ventricular pressure micromanometer and ultrasonic crystals for measurements of major, anteroposterior, and septum-free wall diameters. Left ventricular volume was calculated with an ellipsoidal model in the left ventricular cavity. ESPVRs obtained during caval occlusion after volume loading were curvilinear as shown by the division of the relation into two parts. The initial part of the relation had a significantly smaller ESPVR slope (E,,, 12 .0±+1.8 mm Hg/ml) and ESPVR volume-axis intercept (Vd, -3.5±0.8 ml) than the final part of the relation (19.5 ±3.1 mm Hg/ml and 0.0 ±0.6 ml, respectively, p <0.01). The end-diastolic volume-peak dP/dt relation showed a similar curvilinearity when end-diastolic volumes were larger than 1.5-1.7 times the minimal end-diastolic volume reached during caval occlusion. ESPVRs were not different during aortic constriction and caval occlusion when end-diastolic volume was small. In contrast, with large end-diastolic volumes, Ees and Vd were significantly smaller during caval occlusion than during aortic constriction. The final part of ESPVR (with small end-diastolic volume) had the same slope and intercept as that during aortic constriction. We conclude that preload produces a curvilinearity of ESPVR that significantly modifies derived indexes when the range of preload changes is large. (Circulation 1989; 79:431-440) A number of indexes have been proposed for quantifying left ventricular function. Whereas isovolumic and ejection indexes of ventricular function are affected by changes in preload and afterload and inotropic state,1,2 the elastance model of ventricular function3 may theoretically define a load-independent index of inotropic state: the slope (Ees) of the end-systolic pressurevolume relation (ESPVR).
However, this load-independent feature of ESPVR has been questioned. For instance, an effect of arterial impedance changes on ESPVR has been shown in isolated4 and in situ5 hearts. An effect of stroke volume and velocity of ejection on endsystolic pressure has also been demonstrated in isolated canine left ventricles.6 Thus, these factors may produce a curvilinearity of ESPVR when the range of loading modifications is large.
The goal of our study was to determine the extent to which ESPVRs are curvilinear during loading modifications induced either by an increase in afterload and aortic impedance (aortic constriction) or by a decrease in preload and afterload (venal caval occlusion) before and after volume loading in closedchest dogs with autonomic blockade to avoid cardiovascular reflexes that significantly modify ESPVR in the conscious state.7 A secondary goal was to determine whether or not the slopes and intercepts of these relations were different with these different types of loading modifications.
Methods

Surgical Preparation
Ten male beagle dogs weighing 9.6-15.0 kg (average, 12 .4+0.4 kg) were used for this study. 
Results
After sedation and intravenous administration of propranolol and atropine (group 1), there was a marked heart rate increase, which was associated with a significant left ventricular end-diastolic volume decrease compared with that obtained in the control conscious state ( Figure 1 and Table 1 ). Heart rate was significantly reduced during volume loading with dextran injection, which restored end-diastolic volume to its control conscious value (Table 1 ). In contrast with these heart rate variations before and after volume loading, there were no significant variations in heart rate during caval occlusions (Table 1) .
In group 2, dogs received not only propranolol and atropine but also phentolamine. This resulted in small variations in heart rate after autonomic blockade (Table 1) . Heart rate was slightly larger before than after volume loading, but this change was not significant. End-diastolic volume changes during loading modifications were associated with changes of ejection fraction ( Table 1) . Curvilinearity of End-Systolic Pressure-Volume Relations During Caval Occlusions After Volume Loading
During inferior vena caval occlusion performed after volume loading, the end-systolic pressurevolume relation appeared curvilinear as illustrated in Figure 2 in the six dogs of group 1. The total end-systolic pressure-volume relation was divided into two different parts with pressure changes of the same magnitude (an initial part with large endsystolic volumes and a terminal part). There were two closely rectilinear relations as indicated in Table 2 in both series of dogs. Compared with the slope of the ESPVR observed in the initial part of caval occlusion, the slope of the terminal part of ESPVR was larger with, in most dogs, a rightward shift of Vd that was negative when the total and initial parts of caval occlusion were considered. Left ventricular end-systolic pressure (122.8±6.2 mm Hg) measured at the onset of caval occlusion was significantly smaller than the theoretical value (135.7±8.5 mm Hg) estimated from the ESPVR of the terminal part of caval occlusion (p<0.05).
When ESPVR was divided into two parts with the same method in the first group of dogs before volume loading, there was a small (29.7%), nonsignificant difference between the initial part (Ees=26.9±5.6 mm Hg/ml, Vd=0.2±0.6 ml) and the final part (Ees=34.4±5.3 mm Hg/mI, Vd=2.1±0.6 ml) of the relation.
Curvilinearity of the Relation Between the Peak of the First Derivative of Left Ventricular Pressure and End-Diastolic Volume
The relation between peak dP/dt and enddiastolic volume was also curvilinear during vena caval occlusion after volume loading in both groups (group 1, Figure 3 ; group 2, Table 3 ). This relation produced by caval occlusion after volume loading was divided into two different parts according to the magnitude of end-diastolic volume. The chosen division point was the point when end-diastolic volume was equal to 1.5 times the minimal enddiastolic volume reached during inferior vena caval occlusion in eight dogs (1.7 times in two dogs with small end-diastolic volumes). There was no corre- General mean representing the average of data obtained from the 10 dogs (with and without phentolamine) was calculated because heart rates were not significantly different in groups 1 and 2 after volume loading (Table 1) . Dog R, which was in both groups, was included only once.
For total caval occlusion, all points obtained during caval occlusion were considered. *p <0.05 with total caval occlusion; tp <0.05 with initial part of caval occlusion; tp <0.01 with total caval occlusion; §p <0.01 with initial part of caval occlusion.
lation between peak dP/dt and end-diastolic volume in the initial part. In this part, the range of peak dP/ dt variations was very small although the enddiastolic volume was reduced by a large amount. The correlation coefficient of the end-diastolic volume-peak dP/dt relation was larger in most dogs in the final part of the relation than when the whole relation was considered. When the 10 dogs were considered together (experiments with and without phentolamine), the mean slope of the final part was significantly steeper than that of the whole relation (166.6 ± 24.2 vs. 93.7 ± 11.7 mm Hg/ml, respectively;p <0.005). The theoretical value of dP/dt estimated from the final part of the correlation (3,581 ± 296 mm Hg/sec) was significantly larger than the value measured at the onset of caval occlusion (3,016 ± 175 mm Hg/sec, p <0.02).
Variations of Ees and Vd During Different Types of Loading Modifications
As illustrated in Figure 4 in one dog, aortic constriction after volume loading produced a larger Ees than that produced by caval occlusion performed after volume loading. This was reproduced in all dogs of both series (Table 4) and associated with a marked rightward shift of Vd compared with that obtained with caval occlusion. Compared with ESPVR obtained during caval occlusion after volume loading, caval occlusion after aortic constriction led to a similar Ees, but this was associated with a significant leftward shift of Vd (Table 4) . Thus, ESPVRs obtained during caval occlusion after aortic constriction were shifted upward compared with ESPVR obtained during caval occlusion after volume loading (Figure 4 ).
There was a significant difference of Ees values obtained from different interventions in both groups of dogs when all interventions were examined with two-way analysis of variance (Table 4) . Bes was larger during caval occlusion before volume loading than during caval occlusion after volume loading in group 1 (Table 4 ), but heart rates were significantly different (Table 1) . Thus, ESPVRs obtained before and after volume loading were compared in group 2 animals where heart rate variations were small (Table 1) . Before volume loading, slopes of ESPVR were the same during caval occlusion as those during aortic constriction with nearly identical values of Vd that were close to zero (Table 4 LEFT VENTRICULAR END-SYSTOLIC VOLUME (ml)
1.3 ± 2.0 ml for small and large end-diastolic volume, respectively). Values were not different from those measured during vena caval occlusion with small end-diastolic volume (1.0 ± 1.5 ml) but were markedly larger than those obtained with large end-diastolic volume (-2.8 ± 2.0 ml). Discussion This study shows that the slopes and intercepts of the ESPVR are different during aortic constriction and during caval occlusion when left ventricular enddiastolic volume is close to that measured during the control conscious state but not when heart size is small. This finding is attributed to the curvilinearity of ESPVR when the range of preload changes is large.
Possible Limitations of the Study
Calculated volumes of dogs in this study were smaller than volumes usually published. However, dogs used in this study were small. Using the same method that we used for measuring diameters, Sodums et a18 showed an excellent correlation between calculated stroke volume and stroke volume obtained directly from angiocardiography. Nevertheless, major axis measurements could have been underestimated because the upper crystal was positioned immediately below the circumflex coronary artery, but a possible influence of an underestimation of end-diastolic volume on our results is unlikely because in the two dogs with the lowest end-diastolic volume curvilinearity of ESPVR was not observed (Figure 2) .
The saturation of end-systolic elastance, convex to the volume axis, could be due in part to the depressant effect of fentanyl and droperidol. However, the slope of the final part of ESPVR was 62.5% larger than the slope of the initial part after volume loading, which is in contrast with an increase of 27.9% only before volume loading; this confirms a direct effect of preload.
Factors Affecting ESPVR
In conscious animals, the end-systolic pressurevolume relation is hampered by variability in Ees and Vd with changes in afterload because of an intact autonomic cardiovascular system.7 Autonomic reflexes produced by loading modifications were attenuated in our study by propranolol and atropine injections. Freeman et a15 used the same procedure and showed a change in heart rate smaller than 10 beats/min during caval occlusion. In our study, caval occlusion did not produce significant heart rate changes, but volume loading induced a heart rate reduction, suggesting that all reflexes were not completely blocked. Horwitz The Anrep effect could produce a reduction of Ees during rapid aortic constriction because it has been attributed to the recovery of a transient subendocardial ischemia occurring when heart rate was high. 19 It could be supposed that, when heart size was small with high heart rates, a transient subendocardial ischemia could have decreased ventricular inotropic state and, thus, Ees. However, a significant effect of subendocardial ischemia on Ees was excluded in group 2 dogs because Ees was only slightly larger during release of the aortic cuff than during its inflation. Coronary perfusion pressure could also influence left ventricular performance through other mechanisms.20 One mechanism is the Gregg phenomenon, which is an augmented cardiac performance due to an increase in coronary perfusion. The differences in Ees obtained during aortic constriction and caval occlusion after volume loading and not when heart size was small suggest a direct effect of preload modifications on ESPVRs. The Gregg phenomenon is one factor that may contribute to preload-induced modifications of ESPVR.
Preload Dependence of ESPVR
A direct effect of end-diastolic volume changes on ESPVR was suggested by previous data from our laboratory,2' and in a model of acute mitral regurgitation in dogs, Berko et a122 found an inverse relation between systolic elastance and enddiastolic volume in the control and mitral regurgitation state. Possible effects of preload on ESPVR are substantiated in our study by the relation between peak dP/dt and end-diastolic volume. Little10 demonstrated that the linear relation between these variables is consistent with the predictions of the time-varying elastance model. Our results ( Figure  3) show the same linear relation until an enddiastolic value is obtained, but beyond that peak dP/ dt is independent of end-diastolic volume, suggesting that peak dP/dt could be a reliable index of contractility in the in situ heart where end-diastolic volumes are large. In Little's study, only one example of the curvilinear relation was shown. The difference with our data probably lies in the different ranges of end-diastolic volumes because a volume loading was produced in our study and not in Little's. The curvilinearity of the end-systolic pressure-volume relation (Figure 2) is consistent with the curvilinearity of the peak dP/dt-enddiastolic relation. This produces a depression of end-systolic pressure when end-diastolic volume is large compared with the value that would be expected from the ESPVR obtained with small end-diastolic volumes. This agrees with results obtained in isolated hearts by Suga and Yamakoshi, 6 who showed that ESPVR is affected by ejection, particularly when stroke volume is large. Kass and Maughan'8 recently insisted on the difference between the true Emax (obtained in isolated hearts from differently loaded beats synchronized in time) and ESPVR obtained in the in situ heart, which can lead to Emax significantly steeper than Ees. Among possible mechanisms of depression of end-systolic pressure from the isovolumic line, Suga and Yamakoshi6 suggested an uncoupling effect of quick shortening of heart muscles, contractility changes with fiber length, and shortening velocity. The concept of modulation of "contractility" by fiber length was recently reviewed by Lakatta.23 This could produce inotropic state changes when preload was markedly modified. Some viscous resistance against deformation among myocardial fibers and layers may also aflect ESPVR. The existence of a series viscoelastic element has been suggested by LeWinter et a124 as an explanation for a timedependent shift of the left ventricular diastolic filling relation after methoxamine injection associated with an end-systolic pressure-diameter shift. These results are similar to those previously published by investigators from our laboratory2' where an end-systolic pressure-dimension shift was shown during closure of a fistula between the left carotid artery and the left atrial appendage. A creep deformation is likely to occur when end-diastolic pressure is high, particularly in this condition of chronic volume overload. It has been attributed to a slippage of myofibrils.25 Our results ( Figure 5 ) suggest that the end-diastolic pressure-volume point is close to the vertical portion of this relation in the conscious resting state. Nearly 30 years ago, Rushmer et a126 observed that the end-diastolic ventricular size is nearly maximal at rest in the intact conscious dog, and these results were confirmed by Boettcher et al. 27 The left ventricle, thus, appears as operating close to the Frank-Starling mechanism limit. Differences obtained in in situ and in isolated hearts (where ESPVR was shown to be relatively insensitive to preload changes) may be due to different ranges of examined preloads in those models because the in situ heart appears to operate on an enddiastolic pressure-volume point close to the maximum preload reserve.
The absence of pericardium may have overdilated the heart because a rightward shift of the end-diastolic pressure-dimension has been shown after pericardiectomy. 28 Our results, thus, cannot be directly extended to the clinical setting where the pericardium is present, but they do indicate that, along with other mechanisms such as heart rate and arterial impedance, preload may affect the ESPVR, particularly when the heart is dilated. Although ESPVR has less of a curvilinear nature than the plot of other indexes of ventricular function versus load,29 our data show that, when preload is high, ESPVR curvilinearity produces different Bes for different types of loading modifications.
